Francisella tularensis is the causative agent of tularemia, a category A bioterrorism agent. The lipopolysaccharide (LPS) O antigen (OAg) of F. tularensis has been considered for use in a glycoconjugate vaccine, but conjugate vaccines tested so far have failed to confer protection necessary against aerosolized pulmonary bacterial challenge. When F. tularensis OAg was purified under standard conditions, the antigen had a small molecular size [25 kDa, low molecular weight (LMW)]. Using milder extraction conditions, we found the native OAg had a larger molecular size [80 kDa, high molecular weight (HMW)], and in a mouse model of tularemia, a glycoconjugate vaccine made with the HMW polysaccharide coupled to tetanus toxoid (HMW-TT) conferred better protection against intranasal challenge than a conjugate made with the LMW polysaccharide (LMW-TT). To further investigate the role of OAg size in protection, we created an F. tularensis live vaccine strain (LVS) mutant with a significantly increased OAg size [220 kDa, very high molecular weight (VHMW)] by expressing in F. tularensis a heterologous chain-length regulator gene (wzz) from the related species Francisella novicida. Immunization with VHMW-TT provided markedly increased protection over that obtained with TT glycoconjugates made using smaller OAgs. We found that protective antibodies recognize a length-dependent epitope better expressed on HMW and VHMW antigens, which bind with higher affinity to the organism. 
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glycoconjugate vaccine | O antigen | intracellular pathogen | antibody affinity | Francisella T he intracellular pathogen Francisella tularensis causes tularemia, a potentially fatal disease in humans and other mammals (1) . Two predominant subspecies are of interest with regard to F. tularensis infection of humans: F. tularensis subspecies tularensis (type A) and F. tularensis subspecies holarctica (type B) (2) . While type A strains cause more severe and life-threatening disease, systemic infection with type B strains is the most prevalent form of human tularemia (1) . F. tularensis has been classified as a category A bioterrorism agent because it is readily aerosolized and exhibits a high degree of infectivity and lethality in humans. This organism causes disease by diverse routes, including oral, s.c., and pneumonic. The respiratory route is of particular concern because infection with 50 or fewer organisms is associated with mortality rates of 30-60% if untreated (2, 3) . An attenuated live vaccine strain (LVS) has been developed by several in vitro passages of a type B clinical isolate and is available for administration to at-risk individuals but has not been licensed because of an incomplete understanding of the basis for its attenuated virulence and associated side effects (4) (5) (6) . Significant research efforts have been aimed at elucidating Francisella pathogenesis and identifying components for rational vaccine design (7) (8) (9) (10) . Although F. tularensis is a facultative intracellular pathogen, studies from several laboratories have demonstrated that humoral immunity plays an important role in protection (11) (12) (13) (14) (15) (16) (17) . The lipopolysaccharide (LPS) of F. tularensis is atypical compared with the LPSs of many other gram-negative pathogens and evades innate immune activation of Toll-like receptor 4, thereby playing a significant role in immune evasion. The O antigen (OAg) has been considered as a potential target for use in a vaccine (13, 18, 19) . However, while the OAg-based glycoconjugate vaccines tested so far have been protective against intradermal bacterial infection (13), they have failed to confer protection against intranasal infections with type A and B strains in mice (i.e., against infections acquired by the most challenging and relevant route in potential bioterrorism attacks) (13, 19) .
Acid hydrolysis of LPS has been the preferred method for breaking the ketosidic bond between the immunodominant OAg and the endotoxic lipid A moiety (20) . We discovered that F. tularensis OAg was considerably reduced in size when subjected to the conditions previously used for its cleavage from LPS (13, 19) . By modifying the hydrolytic conditions, we were able to extract the OAg without affecting its native molecular size. The native OAg was incorporated into a glycoconjugate that resulted in greater protection than a conjugate produced with a reducedsize polysaccharide. To further increase the size of the OAg, we generated an F. tularensis mutant with an increased number of OAg repeating units by genetic modification of the chain-length regulator gene wzz. Surprisingly, a conjugate vaccine produced with the genetically induced, very-high-molecular-size OAg provided Significance Despite the role of T cell-mediated events in control of intracellular infections, studies from several laboratories have shown that humoral immunity also plays a critical role. An effective glycoconjugate vaccine to prevent Francisella tularensis infection has many advantages over live-organism vaccines, but protection against pulmonary infection by conjugate vaccines has never been shown. Here, we report a glycoconjugate vaccine that protects against intranasal challenge with F. tularensis. We determined that lipopolysaccharide-specific antibodies induced by a larger sized O antigen exhibit significantly enhanced relative affinity. This observation challenges the paradigm of a direct correlation between the amount of IgG induced by a glycoconjugate and the level of protection conferred, encouraging the development of conjugate vaccines inducing high-affinity antibodies to important pathogens. markedly increased protection, despite inducing IgG levels similar to those elicited by the native OAg conjugate and even lower than those induced by the reduced-size OAg conjugate. The more efficacious IgG induced by this very-high-molecular-size OAg vaccine had a higher relative affinity for the organism than the antibodies induced by the reduced-size and native-size OAg conjugates. These results revealed the importance of conformational OAg epitopes in the protection generated by the vaccine.
Results

F. tularensis
OAg Is Susceptible to Acid Hydrolysis. LPS was extracted and purified from F. tularensis LVS and was characterized by silver staining and immunoblot analysis with an OAgspecific monoclonal antibody (mAb) (Fig. 1A) . Both blots showed the characteristic bacterial LPS stepladder patterns (Fig.  1A) . OAg was extracted from F. tularensis LPS (13, 19) with 6% (vol/vol) acetic acid at 100°C for 2 h, and the average molecular size of the purified sugar was determined by size-exclusion chromatography (SEC) with dextran standards (Fig. 1B) . Surprisingly, the average measured size of OAg was only ∼25 kDa, in sharp contrast to the profile seen for the intact LPS by silver staining and western blot. To evaluate the sensitivity of F. tularensis LVS OAg to acid hydrolysis, we tested different hydrolytic conditions (Table 1 ). The size of the OAg obtained was highly dependent on the conditions used for acid hydrolysis. Use of 6% (vol/vol) acetic acid at 90°C reduced the sugar size from 80 kDa after 1 h of hydrolysis to 11 kDa after 5 h of reaction.
When we decreased the acetic acid concentration for hydrolysis to 2% (vol/vol), there was significantly less change in molecular size (Table 1) . To confirm that OAg is cleaved by acid hydrolysis, we directly hydrolyzed the extracted high-molecular-weight (HMW) OAg, using 6% (vol/vol) acetic acid at 90°C; the molecular size decreased substantially over time (SI Appendix, Fig.  S1 ). Two hydrolytic conditions were selected for further analysis: a lower molecular size [low-molecular-weight (LMW) OAg, 25 kDa, condition C] and a higher molecular size [high-molecularweight (HMW) OAg, 80 kDa, condition F] (Fig. 1B and Table 1 ). The 1 H NMR spectra of HMW and LMW OAgs were identical and comparable to previously reported structures (21, 22) ; therefore, the depolymerization caused by hydrolysis did not affect the structure of the repeating unit (Fig. 1C) . Fig. S2 ). Conjugates were characterized ( Table 2 ) and subsequently tested in a mouse immunization and challenge study. As a positive control, we vaccinated mice with the live-attenuated F. tularensis mutant ΔkdhAB, which we had previously shown to be highly immunogenic and protective (26) . Four weeks after the last vaccine dose ( Fig. 2A ), sera were collected and OAg-specific IgG antibody titers were determined by ELISA. LMW-TT generated higher levels of anti-LPS IgG than HMW-TT. The relative IgG titers induced by the different vaccines were confirmed by use of UV-killed F. tularensis LVS as an ELISA coating agent. Like the LPS-coated plates, the organismcoated plates revealed that the LMW-TT conjugate induced higher IgG levels than the HMW-TT conjugate (SI Appendix, Fig. S3 ). All groups of mice were subsequently challenged intranasally with 5 × 10 3 cfu (50-fold the intranasal LD 50 ) of F. tularensis LVS. Surprisingly, although the LMW-TT conjugate induced higher antibody titers (Fig. 2B) , only the HMW-TT conjugate was protective (Fig. 2C) .
OAg Molecular Size Is Increased by Genetic Manipulation of LPS Biosynthesis. After observing that OAg size is a critical parameter in glycoconjugate vaccine immunogenicity against F. tularensis, we sought to increase the polysaccharide chain length by genetically engineering F. tularensis LVS. In most gram-negative bacteria, the assembly of OAg depends on an inner-membrane OAg polymerase, Wzy (27) (28) (29) . Wzy activity is often associated with another membrane protein, Wzz, a polysaccharide copolymerase that regulates the number of repeating units in OAg (27, 28) . To determine whether the molecular size of OAg is conserved in Francisella species, we purified and characterized LPS from Francisella novicida U112, a closely related subspecies with a distinct OAg composition (30, 31) . LPS staining analysis revealed a banding pattern distinct from that of F. tularensis (Fig. 3A) . F. novicida OAg had a higher molecular weight than F. tularensis OAg. Distinct clusters of OAg formation suggested OAg chainlength regulation by wzz-like gene(s) in the Francisella genome. Bioinformatics analysis identified two wzz gene candidates in both F. tularensis and F. novicida. Initially, we generated an F. tularensis Δwzz1 mutant and found it unable to regulate OAg size (Fig. 3B) . We then transformed the Δwzz1 mutant with a plasmid carrying the wzz2 gene from F. novicida, which is responsible for generating the higher molecular-weight OAg. The resultant F. tularensis Δwzz1/wzz2
Fn had an OAg of significantly larger molecular size than the LVS strain (Fig. 3B) . The optimized hydrolytic condition (condition F, Table 1 ) was used to extract the LPS from the F. tularensis Δwzz1/wzz2
Fn mutant strain, and an OAg population with an average molecular size of 220 kDa was obtained [very high molecular weight (VHMW); Fig. 3C ]. The 1 H NMR spectrum of VHMW OAg was identical to those of LMW and HMW OAg and similar to previously reported structures (21, 22) . Therefore, genetic manipulation did not affect the structure of the single repeating unit (SI Appendix, Fig. S4 ).
Conjugation of VHMW OAg Results in a Glycoconjugate Vaccine
Providing Full Protection Against High-Dose Intranasal Challenge.
To evaluate the importance of OAg size in glycoconjugate vaccines against F. tularensis, we performed a second immunization study, coupling TT to each of the three sizes of OAg: the native size (HMW-TT), the reduced size obtained by acid hydrolysis (LMW-TT), and the increased size obtained by modification of the chain-length regulator gene wzz (VHMW-TT). Glycoconjugates were synthesized as previously reported (13, 19) (SI Appendix, Fig.  S2 ). After purification, conjugates were characterized ( Table 2 ) and tested in vivo. As a positive control, mice were vaccinated with the live-attenuated F. tularensis mutant ΔkdhAB (26) . Four weeks after the last vaccine dose, sera were collected and OAg-specific IgG antibody titers were determined by ELISA on LPS-coated plates (Fig. 4A) . LMW-TT generated higher levels of anti-OAg IgG than either HMW-TT or VHMW-TT. To evaluate the impact of OAg size on conjugate vaccine-induced protective immunity, we increased the bacterial challenge dose over that used in the earlier study shown in Fig. 2 . All groups were challenged intranasally with 1 × 10 4 cfu (∼100 LD 50 ) of F. tularensis LVS (Fig. 4B) . Again, the LMW-TT conjugate induced higher antibody titers than either the HMW-TT or VHMW-TT conjugate; however, of great interest, only the VHMW-TT conjugate was protective.
The Size of the OAg Affects Relative Affinity for LPS-Specific Antibodies.
We further characterized the antibodies induced by immunization with the different glycoconjugates by measuring polysaccharidespecific IgM titers (SI Appendix, Fig. S5A ) as well as IgG subclass responses (SI Appendix, Fig. S5B ). The IgM titers induced by the three conjugates were comparable. The IgG1 subclass was induced by all three vaccines, but IgG3 was induced only by LMW-TT. We hypothesized that the highly functional IgG antibodies induced by VHMW-TT were recognizing a chain-length-dependent epitope in the glycan that is less well presented in the HMW-TT conjugate and poorly presented in the LMW-TT glycoconjugate. To test this hypothesis, we measured the ability of antibodies generated by the different vaccines to bind to the VHMW OAg (Fig. 5A) . Interestingly, we observed improved recognition of VHMW OAg by VHMW-TT-induced antibodies (Fig. 4A vs. Fig. 5A ). We further investigated whether the highly protective IgG antibodies induced by VHMW-TT possess a higher relative affinity for binding to saccharides of different chain length. Using an F. tularensis OAg ELISA inhibition assay (32, 33), we measured the relative binding affinities of F. tularensis OAg-specific antibodies to UV-killed bacteria or LPS (Fig. 5B and SI Appendix, Fig. S6A ). These results demonstrate that antibodies directed to the OAg recognize a chain-length-dependent (i.e., conformational) epitope best expressed on the VHMW OAg. Importantly, similar results were obtained when inhibition was compared with use of the corresponding conjugate vaccines bearing different-sized OAg as inhibitors (SI Appendix, Fig. S6B ). Discussion F. tularensis is a facultative intracellular pathogen that causes the potentially fatal disease tularemia in humans and animals. The clinical manifestations of the disease depend on the biotype of the organism, the size of the inoculum, and the port of entry (34) . While cutaneous tularemia (the most common form of the disease, resulting from the bite of an infected tick, deerfly, or mosquito) is rarely fatal, pneumonic tularemia (the most potent form of the disease, resulting from inhalation of F. tularensis via the aerosol route) can result in up to 60% mortality if not treated with antibiotics (35) . The aerosol route of infection, which can result in fatal pulmonary tularemia, is a likely choice for use in bioterrorism. Currently, no vaccine is approved for the prevention of tularemia (36) . Live-attenuated prototype vaccines have provided the most promising results thus far, revealing the key role of T cell-mediated events in the control of F. tularensis, an intracellular pathogen (14, (37) (38) (39) (40) (41) (42) . F. tularensis LVS is a type B, liveattenuated investigational vaccine strain that has been used by the US Army for decades to protect laboratory workers. LVS has also been used as a model of murine tularemia in most of the preclinical studies conducted so far. Concerns over safety and reversion represent significant impediments to the licensure of an attenuated vaccine.
The role of humoral immunity, especially in the early phase of intradermal and i.p. infections with type B F. tularensis, has been documented by multiple studies (11) (12) (13) (14) (15) (16) (17) . The ubiquitous bacterial LPS is the immunodominant antibody target (43) , and its importance in the generation of a protective humoral response has been extensively investigated (7, 11, (17) (18) (19) 44) . More recent observations showed that passive immunization with antibodies to LPS can provide protection against pulmonary tularemia caused by LVS. Passive i.p. transfer of immune serum confers complete protection against intranasal challenge with an otherwise lethal dose of LVS, even when the transfer takes place 24-48 h after the start of infection (45) . Immune serum generated by vaccination of mice with inactivated LVS rather than live LVS also affords protection against lethal intranasal LVS challenge (46) . In addition, a number of Francisella OAg-specific mAbs have been shown to be protective in the mouse model of F. tularensis LVS infection (47) . While the role of antibodies in protection against intracellular pathogens has been controversial, the evidence that LVS can exist in an extracellular form implies that antibodies may be able to access and clear the bacteria. It is generally thought that F. tularensis spreads from the lungs via the hematogenous route to systemic organs such as the liver and spleen, possibly extracellularly (45, 48) . As a matter of fact, very few bacteria are recovered from the blood, livers, and spleens of immune serum-treated mice after infection with LVS (45) . Recently, other studies have shown that antibodies are active in clearing infections with intracellular pathogens, such as Salmonella and Ehrlichia (49), influenza virus (50), and Legionella pneumophila and Mycobacterium bovis bacillus CalmetteGuérin (51).
Glycoconjugate vaccines directed against encapsulated bacteria have resulted in an enormous decrease in the incidence of serious bacterial infections. These vaccines elicit T cell-dependent immunogenicity against the saccharide (52, 53) . With the involvement of T cells, immunological memory is induced, and affinity maturation and isotype switching from IgM to IgG occur. F. tularensis OAgbased glycoconjugate (13, 19) , bioconjugate (54, 55) , and synthetically derived core-based glycoconjugate (56) vaccines have been tested; however, so far, no protection has been reported against the intranasal route of infection.
Herein, we report the successful prevention of pneumonic LVS tularemia by two conjugate vaccines. A key difference between our approach and previous attempts (19) is the attention paid to the molecular size of the OAg. The size of the OAg was considerably reduced during its purification from LPS after standard acid hydrolytic liberation of lipid A from the OAg. We implemented milder hydrolysis that retains the native polysaccharide size. While we did not perform structural investigation studies to elucidate the site of glycosidic bond breaking during hydrolysis, a previous publication (21) reported the generation of tetrasaccharides with breaking between Qui4NFm and QuiNAc, and partial loss of the formamido bond after partial hydrolysis with 0.1 M hydrochloride. Conjugation of native OAg to TT yielded a vaccine that confers protection against intranasal challenge with live bacteria, while the hydrolyzed LMW OAg conjugate did not confer protection. We hypothesized a direct correlation between OAg size and protection, and in a second study, we tested a larger molecular-size polysaccharide conjugated to TT. In that study, we increased the bacterial challenge dose and compared the efficacy of the VHMW OAg conjugate with that of the HMW and LMW OAg conjugates. Only immunization with the VHMW OAg conjugate induced protection.
To produce the VHMW OAg, we investigated the Wzz family of proteins, which consist of membrane-associated OAg chainlength regulators controlling the modal number of OAg repeats polymerized by the Wzy protein (57) . We found that the OAgs of both F. tularensis and F. novicida are synthesized through the Wzx-/ Wzy-dependent pathway; however, in contrast to F. tularensis, which possesses only a single functional wzz, F. novicida encodes two different Wzz proteins, each producing a unique OAg modal length. We named the second protein Wzz2 and found that it is responsible for the production of a very large OAg. The complementation of an F. tularensis wzz1 mutant with the plasmidencoded wzz2 gene from F. novicida led to the synthesis by F. tularensis of an OAg incorporating the number of repeat units governed by the heterologous F. novicida Wzz2 protein. The presence of distinct wzz genes controlling OAg size in gramnegative species has been reported before (58, 59) , as has the use of such a strategy to increase the production of an OAg population of a defined size (60), but these genes have not been used to manipulate the molecular size of the polysaccharide, and hence the immunogenicity of a vaccine.
Although protective, the large-sized OAg conjugate induced a much lower IgG titer than the smaller sized, nonprotective OAg glycoconjugate. This observation challenges the paradigm of a direct correlation between the amount of IgG induced by a glycoconjugate and protection. When we characterized the serological response elicited by immunization with different glycoconjugates, we found no differences in IgM levels, and all of the vaccines induced IgG1 antibodies. The LMW-TT conjugate also induced IgG3 production, as well as inducing the highest IgG1 levels of the three vaccines. We hypothesized that the highly functional IgG antibodies induced by the VHMW-TT conjugate possess greater affinity and/or avidity than the antibodies generated by the HMW-TT and LMW-TT conjugates. The relative affinity of antibody binding to saccharides of different chain lengths was measured in an F. tularensis OAg ELISA inhibition assay, where we measured the recognition of polyclonal serum and OAg-specific mAb by UV-killed bacteria and LPS-coated plates in the presence of LMW, HMW, or VHMW OAg as a soluble competitor. The outcome suggested that antibodies induced by immunization recognize a chain-lengthdependent (e.g., conformational) epitope better expressed on the larger molecular-size antigen. Importantly, the same result was obtained when we used the differently sized conjugate vaccines as inhibitors, showing that the random technology used for the conjugation of the polysaccharides to the protein did not impair their ability to recognize antibodies. The ELISA methodologies to measure the antibodies against the polysaccharide can be highly dependent on the type of polysaccharide used to coat the plates or in solution. However, while we cannot completely exclude ELISA artifacts, we have tested two different coating antigens (LPS and Fig. 2A) vs. UV-killed organism (SI Appendix, Fig. S3)] . Also, using a competitive ELISA to measure the relative affinity of IgG to OAgs of different size, we saw similar trends with plates coated with either LPS (SI Appendix, Fig. S6A ) or UV-killed organism (Fig. 5B) . In the competitive ELISA, it is of interest that we observed the same trend when using either a monoclonal (OAgspecific mAb 2034, SI Appendix, Fig. S6A ) or polyclonal (α-F. tularensis LVS rabbit polyclonal serum, Fig. 5B ) source of IgG. However, the data reported here do not completely exclude the possibility of immune mechanisms (i.e., cellular) in addition to IgG contributing to protection. We think this is less likely since glycoconjugates are humoral vaccines, and it has been shown with many other organisms that they provide protection by inducing antigenspecific IgG.
UV-killed organism) and obtained similar trends in IgG antibody responses [LPS (
In conclusion, these results support the notion that the use of large-molecular-size polysaccharide in the context of F. tularensis glycoconjugate vaccines provides superior protection against bacterial challenge. This study is an example of the use of genetic manipulation of OAg size to improve the immunogenicity of a glycoconjugate vaccine. A direct correlation between the sugar size and the immunogenicity of random conjugate vaccines has been observed previously (23, 24, 33) , but a relationship of polysaccharide size to the relative affinity of antibody responses has not been reported. The design of antigen able to call into action B cells producing high-affinity antibodies has been a "holy grail" in the vaccine field. It has been predicted that high-affinity antibodies may be the future in the treatment of emerging infectious diseases (61) . Further studies will evaluate the impact of this vaccination strategy against the more challenging F. tularensis type A and will characterize the mechanisms involved in Bcell recognition of glycoconjugates bearing differently sized polysaccharides.
Materials and Methods
Mice. Six-week-old female BALB/c mice were purchased from Taconic Biosciences. All mouse experiments were approved by the Harvard Medical Area Standing Committee on Animals (Animal Protocol IS00000636).
Bacterial Strains and Growth Conditions. F. tularensis LVS was provided by Karen Elkins (US Food and Drug Administration, Washington, DC), while F. novicida U112 was purchased from BEI Resources. All strains were grown at 37°C in tryptic soy broth (Sigma) supplemented with ferric pyrophosphate (0.025%) and L-cysteine (0.1%) or on cysteine heart agar (Difco) supplemented with 1% hemoglobin solution (BD Biosciences). When appropriate, hygromycin B (200 μg/mL) and kanamycin (10 μg/mL) were added to broth medium and agar plates.
Construction of the F. tularensis LVS Δwzz1 Deletion Mutant and Plasmids. The pMP812 and pMP633 plasmids were kind gifts of Martin Pavelka, University of Rochester, Rochester, NY (Table 3) . A wzz homolog (FTL_0589) was identified in the F. tularensis LVS genome. A nonfunctional wzz homolog was identified in F. tularensis with a nonsense mutation (FTL_1037 and FTL_1038). The Δwzz1 (FTL_0589 deletion) mutant was constructed by allelic exchange using a procedure described previously (62) . To achieve a clean wzz1 deletion, 0.5-kb upstream and downstream DNA regions were PCR-amplified by Q5 polymerase (New England Biolabs) using primers (Table  3 ) and cloned into pMP812 suicide plasmid using a Gibson Assembly Kit (New England Biolabs) following the manufacturer's recommendations.
To generate the VHMW LPS-producing strain, two wzz homologs were identified in F. novicida U112 (FTN_1433 and FTN_0925) , and each was separately cloned into pMP633 plasmid under groEL promoter using the Gibson Assembly Kit (Table 3) . Plasmids were introduced into F. tularensis LVS by electroporation as described elsewhere (26) . LPS analysis showed that the FTN_0925 (wzz2) gene is responsible for the production of VHMW LPS.
OAg Purification. For the production of OAg, F. tularensis LVS from a fresh cysteine heart agar plate was inoculated into five 25-mL, vented-cap Erlenmeyer flasks, each containing 100 mL of tryptic soy broth with 0.1% cysteine, 0.025% ferric pyrophosphate, and 0.1% antifoam 204 (T-soy with additives). After incubation overnight at 37°C, the cultures were used to inoculate five 3-L, vented-cap Erlenmeyer flasks containing 2 L of T-soy with additives, which were then incubated as described above for 72 h. Cells were harvested by centrifugation and frozen at −80°C until used for LPS purification.
LPS was purified by the addition of a hot solution of fresh 50% phenol to thawed F. tularensis LVS cells (at a ratio of 1 g of cells to 10 mL of phenol solution), with subsequent mixing for 2 h at 68°C with use of sterile glass beads and an overhead mixer. After further mixing overnight at 4°C, cell debris and phenol were removed by centrifugation (6,000 × g for 20 min at 4°C) in Teflon FEP centrifuge bottles (Nalgene). After the top aqueous phase was removed, additional phenol was removed by dilution with 1 vol of water and 2 vol of ether. The solution was mixed vigorously for 10 min in a separatory funnel and allowed to separate overnight at room temperature. The bottom aqueous phase was decanted, and residual ether was removed with a rotary evaporator. The sample was lyophilized to reduce its volume before dialysis against water and enzyme treatment. Nucleic acid and protein were degraded by sequential treatment with DNase, RNase, and pronase (Seward Ltd.). The solution was then clarified by low-speed centrifugation (5,000 × g overnight at 4°C). LPS was sedimented Synthesis of OAg-TT Glycoconjugates. LMW, HMW, and VHMW OAgs were conjugated to TT by a slightly modified, previously described protocol (13, 19) . In brief, OAg was dissolved in water (10 mg/mL) at ice-bath temperature, and the pH was adjusted to 10.5 with 0.1 M NaOH. Cyanogen bromide [1:1 (wt/wt) with OAg] in CH 3 CN (100 mg/mL) was then added. The solution was kept at 0°C for 2 min before being treated with a solution of adipic acid dihydrazide [1:1 (wt/wt) with OAg] in 0.5 M NaHCO 3 (70 mg/mL), and the pH was adjusted to 8.5. The mixture was maintained overnight at 4°C; following dialysis against distilled water for 3 d with use of a 10-kDa molecular-weight cut-off membrane, the retentate was lyophilized to yield activated OAg.
For conjugation, TT and activated OAg were dissolved (5 mg/mL) in 100 mM 2-(N-morpholino)-ethane sulfonic acid sodium salt buffer (pH 5.8), and the solution was placed on ice for 2 min. Thereafter, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride was added (1 mg/mL), with continuous stirring on ice for 12 h. The mixture was purified by SEC on a HiPrep 16/60 Sephacryl S-300 HR column, with PBS as a running buffer. UV detection at 280 nm was used for conjugate and free protein, and a differential refractometer (dRI) was used for OAg peak detection.
The total saccharide content of the glycoconjugates was quantified by ELISA inhibition (discussed below). Protein content was measured by Micro BCA Protein Assay, and the ratio of saccharide to protein was calculated.
Liquid SEC. SEC profiles of hydrolyzed OAgs extracted under different hydrolytic conditions from F. tularensis LPS were run on a Sephacryl S-300 HR column (GE Healthcare Life Sciences) at 0.5 mL·min −1 in PBS (pH 7.4). The average molecular weight was calculated with a dextran calibration curve (Sigma-Aldrich). LMW, HMW, and VHMW OAgs extracted from F. tularensis LVS were run on a Superose 6 10/300 GL column (GE Healthcare Life Sciences) at 0.5 mL·min in PBS (pH 7.4). The average molecular weight was calculated with a dextran calibration curve (Sigma-Aldrich).
SEC analysis was also used to characterize conjugates, comparing them with free OAg and free TT. All samples were eluted on two Superose 6 10/ 300 GL columns connected in series for a better separation of conjugate from free saccharide and protein. The mobile phase consisted of PBS (pH 7.4) at 0.5 mL·min −1 . Void-and bed-volume calibrations were performed with λ-DNA (λ-DNA Molecular Weight Marker III, 0.12-21.2 Kbp; Roche) and sodium azide (NaN 3 ; Merck), respectively. OAg peaks were detected by a dRI, while UV detection at 214 nm and 280 nm was used for free protein and conjugate. For K d determination, the following equation was used:
, where Te is the elution time of the analyte, T0 is the elution time of the biggest fragment of λ-DNA, and Tt is the elution time of NaN 3 .
Immunization and Challenge Studies. Male BALB/cByJ mice (6-8 wk old; The Jackson Laboratory) were caged in a microisolator in a pathogen-free environment in the animal facility at Harvard Medical School; groups of six to eight mice were used in each experiment. Mice received three doses (2 wk apart) of positive-control F. tularensis mutant ΔkdhAB (∼10 7 cfu, 50 μL per mouse, given intranasally), OAg-TT glycoconjugates bearing a different OAg size (10 μg of OAg, 200 μL per mouse, given i.p. with a 25-gauge needle), or adjuvant alone (negative control). Each dose of glycoconjugate was emulsified with PBS and 0.5 mg of Alhydrogel. On day 56 (4 wk after the third immunization), all mice were challenged intranasally with F. tularensis LVS organisms at different bacterial loads, depending on the experiment. Survival was monitored for 25 d after challenge, at which point the survivors were humanely killed.
Serological Studies. Serum levels of IgG and IgM to OAg were measured by ELISA with slight modification of a previously described method (13) . Microtiter plates (Nunc MaxiSorp flat-bottom) were coated with antigens by overnight incubation at 4°C. LPS from F. tularensis LVS and from the F. tularensis Δwzz1/wzz2
Fn mutant strain was used at a concentration of 5 μg/mL (100 μL per well) in carbonate buffer, while UV-killed F. tularensis LVS was coated at 5 × 10 8 cfu/mL (100 μL per well) in carbonate buffer. One day later, excess antigen was removed by washing the wells three times using an automated plate washer with PBS containing 0.05% (vol/vol) Tween 20. Mouse sera were diluted at a starting dilution of 1:100 through a twofold dilution series in incubation buffer composed of PBS containing 0.05% Tween 20 and 0.1% BSA (100 μL per well). Plates were then incubated for 2 h at room temperature and washed three more times as described above. Next, goat anti-mouse IgG or goat anti-mouse IgM conjugated to alkaline phosphatase (Cedarlane Laboratories) at a dilution of 1:3,000 in incubation buffer was added at 100 μL per well and incubated for 2 h at room temperature. Plates were rewashed, and a 100-μL volume of p-nitrophenylphosphate substrate in diethanolamine buffer (phosphatase substrate kit; Kirkegaard and Perry Laboratories) was added to each well. The yellow color that developed was read at 405 nm with a microplate reader. Titers were determined from plots of absorbance at 405 nm versus dilution and were defined as the reciprocal of the dilution giving an A 405 equivalent to 0.5.
Data are presented as dots for individual mouse IgG ELISA units. ELISA units were expressed relative to the mouse anti-OAg standard serum curves. One ELISA unit was defined as the reciprocal of the standard serum dilution that gives an A 405 value equal to 0.5 in this assay. Horizontal bars represent means ± SD values. Sera were run in triplicate, and results are reported as absorbance values (arithmetic means of the three replicates).
F. tularensis OAg ELISA Inhibition Assay. An F. tularensis OAg competitive ELISA was performed with slight modification of a previously described protocol (32, 33) . In this assay, we measured the recognition of α-F. tularensis LVS rabbit polyclonal serum (Lampire Biological Laboratories) or OAgspecific mAb 2034 by either LPS-coated or UV-killed F. tularensis-coated ELISA plates in the presence of soluble competitors. In particular, the differently sized OAgs (LMW, HMW, and VHMW) or the corresponding molecular-weight glycoconjugates (LMW-TT, HMW-TT, and VHMW-TT) were used as competitors. The α-F. tularensis LVS rabbit polyclonal serum was preabsorbed overnight at 4°C with an F. tularensis LVS wbtA mutant (7), which expressed no OAg, before the start of the assay to increase the sensitivity of detection. The ELISA protocol is identical to that described above for IgG detection. The differently sized OAgs and glycoconjugate competitors were added at different concentrations at the beginning of the incubation step.
ELISA inhibition was also used to determine the sugar content of the glycoconjugates. In this assay, we measured the recognition of F. tularensis OAg-specific mAb 2034 by LPS-coated ELISA plates in the presence of either the glycoconjugate or the corresponding molecular-weight OAg (as competitors) in relation to the ELISA signal (A 405 ) with no competition. A standard curve generated by competing with OAg at 500, 100, 20, 4, 0.8, and 0.16 μg/mL was used to measure sugar content.
In all experiments, the inhibition percentage was calculated in relation to the ELISA signal (A 405 ) with no competition. Data points represent competition percentage values at indicated inhibitor concentrations. Data are presented as mean ± SD values for triplicate determinations.
Immunoblotting. Samples for tricine-SDS/PAGE were solubilized by boiling for 5 min in sample buffer [62.5 mM Tris·HCl (pH 6.8) containing 5% SDS, 10% glycerol, 10% β-mercaptoethanol, and 0.02% bromophenol] and separated on precast gels containing 10% acrylamide (Invitrogen). For western blot analysis, bands separated on acrylamide gels were transferred onto nitrocellulose membranes using Towbin buffer [25 mM Tris·HCl, 192 mM glycine, and 20% methanol (pH 8.3)] and probed with mouse sera diluted 1:200. Membranes were incubated with alkaline phosphatase-conjugated goatanti-mouse polyclonal antibody (no. M30808; Caltag) and detected using BioRad's color development kit (no. 170-6432).
Statistical Analysis. Statistical significance was determined with ordinary oneway ANOVA; GraphPad Prism 7.0c was used. P values of ≤0.05 were considered statistically significant (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001).
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